Cells from patients with the autosomal recessive disorder ataxia-telangiectasia (A-T) display accelerated telomere shortening upon culture in vitro. It has been suggested that A-T cells are in a chronic state of oxidative stress, which could contribute to their enhanced telomere shortening. In order to examine this hypothesis, we monitored the changes in telomere length in A-T homozygous, heterozygous and control fibroblasts cultured in vitro under various conditions of oxidative stress using quantitative fluorescent in situ hybridization. Compared with normal cells, the rate of telomere shortening was 1.5-fold increased under 'normal' levels of oxidative stress in A-T heterozygous cells and 2.4-3.2-fold in A-T homozygous cells. Mild chronic oxidative stress induced by hydrogen peroxide increased the rate of telomere shortening in A-T cells but not in normal fibroblasts and the telomere shortening rate decreased in both normal and A-T fibroblasts if cultures were supplemented with the anti-oxidant phenyl-butyl-nitrone. Increased telomere shortening upon oxidative stress in A-T cells was associated with a significant increase in the number of extrachromosomal fragments of telomeric DNA and chromosome ends without detectable telomere repeats. We propose that the ATM (A-T mutated) protein has a role in the prevention or repair of oxidative damage to telomeric DNA and that enhanced sensitivity of telomeric DNA to oxidative damage in A-T cells results in accelerated telomere shortening and chromosomal instability.
INTRODUCTION
Ataxia-telangiectasia (A-T) is an autosomal recessive disorder involving cerebellar degeneration, oculocutaneous telangiectasia, immunodeficiency, premature senescence, radiosensitivity, and a strong predisposition to cancer (1) . In most cases, mutations of the ATM (for ataxia-telangiectasia mutated gene), account for this pleiotropic phenotype (2) . ATM encodes a protein kinase that is activated in the response to DNA strand breaks and is thought to be essential for maintaining chromosomal stability and telomere integrity (reviewed in 3). Telomeres protect the end of the chromosome against degradation, inappropriate recombination and fusion events (4) . Telomeric sequences are lost with cell division and from other causes including oxidative stress (5) . Telomere shortening may eventually compromise the stability of chromosomes, with implications for aging and oncogenesis (reviewed in 6).
Cells from patients with A-T and from mice with a defective ATM gene show prominent signs of telomere dysfunction including an accelerated rate of telomere loss with cell division, chromosome end-to-end fusions and the presence of extrachromosomal fragments of telomeric DNA (7) (8) (9) (10) (11) . However, the impaired function of telomeres in the absence of functional ATM is not fully understood.
Several lines of evidence point to the possibility that the ATM protein may have a role in activating of defense mechanisms against oxidative stress (reviewed in 12). Because it is known that telomeres shorten prematurely under enhanced oxidative stress (5,13), we wanted to explore the possible linkage between telomere malfunction and enhanced oxidative stress in ATMdeficient cells. In order to do this, we monitored the changes in telomere length using quantitative fluorescent in situ hybridization (Q-FISH) in A-T homozygous and heterozygous as well as normal fibroblast strains grown in vitro under varied conditions of oxidative stress. For this purpose, the fluorescence intensity of directly labeled (CCCTAA) 3 peptide nucleic acid probe hybridized to metaphase chromosomes of at least 10-15 cells (resulting in >2000 data points per measurement) was measured as described (14) (15) (16) (15) . The results of our study indicate an enhanced sensitivity of telomeric DNA to oxidative stress in A-T cells. We propose that defective maintenance or repair of telomeric DNA in cells from patients with A-T is a major contributing factor to the chromosomal breakage and genetic instability in such cells.
RESULTS
The changes in average telomere length in A-T and normal fibroblasts grown under variable conditions of oxidative stress were monitored using Q-FISH, from early passages to replicative senescence (Fig. 1) . Linear regression was used to analyze the relationship between the mean telomere length and PD number. For all cultures, the relationship was highly significant (at the 0.01 level or better) with r ¼ 0.98-0.99. The slopes of the regressions, which can be directly interpreted as rates of telomere shortening, were then compared between different cultures using t-statistics (17) . In untreated cultures, the rate of telomere shortening was increased 3. heterozygous cells displayed an intermediate rate of telomere shortening which was 1.5-fold higher than in normal fibroblasts
The treatment with H 2 O 2 , inducing an excess of oxidative radicals, significantly accelerated the rate of telomere shortening in ATM-deficient strains (homozygous and heterozygous) but not in the normal fibroblasts ( Fig. 1) . In contrast, the protection of cells from oxidative radicals using PBN, a spintrap agent, significantly reduced the rate of telomere shortening in both A-T and normal fibroblasts. However, the rate of telomere shortening under anti-oxidant protection was yet substantially accelerated in A-T cells compared with untreated normal cells (AG 04405: t ¼ À8.94, d.f. ¼ 10, P < 0.0001 and AG 03058: t ¼ À2.8, d.f. ¼ 9, P < 0.02). Table 1 shows that ATM-deficient cells from H 2 O 2 -treated cultures accumulated significant proportions of short telomeres, i.e. those having a telomere length of 1.5 TFU or less, which could be a threshold value for maintaining a functional telomere (18) . Normal cells did not show such a pronounced increase in the number of short telomeres under exposure to H 2 O 2 . The PBN treatment slowed down the accumulation of short telomeres both in normal and A-T fibroblasts. Overall, a reduced mean telomere length was associated with an increased fraction of short telomeres as expected.
In addition, we studied the yield of extra-chromosomal telomeric DNA fragments after a single high-dose (200 mM) H 2 O 2 treatment. We have previously reported that the spontaneous incidence of such fragments was significantly higher in A-T cells than in normal fibroblasts (11) . Although the average number of extra-chromosomal telomeres was increased after treatment in all cell strains, the frequency of fragments was significantly higher in ATM-deficient cells than in normal cells (Fig. 2) . Occasionally, very high numbers of extra-chromosomal telomere fragments were observed in A-T cells following high dose H 2 O 2 treatment (Fig. 3) .
DISCUSSION
The aim of this study was to examine the potential role of oxidative stress in the markedly increased telomere shortening in A-T cells. Using Q-FISH, we evaluated the dynamics of telomere length in A-T and normal fibroblasts cultured in vitro under variable levels of oxidative stress. In agreement with previous studies (8, 11) , ATM-deficient cells were found to lose telomeric sequences at significantly higher rates than normal BJ cells under 'normal' levels of free oxygen radicals. The rate of telomere shortening was increased 1.5 fold in an A-T heterozygote and 2.4-3.2-fold in A-T homozygotes compared with normal cells. A chronic oxidative stress induced by lowdose hydrogen peroxide significantly increased the rate of telomere shortening in ATM-deficient cells but not in BJ cells, which are characterized by a good antioxidant capacity (19) . In contrast, culture of cells in the presence of the anti-oxidant PBN decreased the rate of telomere shortening not only in normal fibroblasts in agreement with previous observations (20) , but also in A-T cells. However, PBN treatment did not completely 'normalize' the telomere loss in A-T cells, as telomeres in A-T cells continued to decrease in length more rapidly than in normal untreated cells. These observations indicate an enhanced sensitivity of telomeric DNA to oxidative damage in ATM-deficient cells. Additional studies with normal as well as ATM deficient cells are needed to delineate the variation in the degree of accelerated telomere shortening in response to oxidative damage in relation to functional levels of ATM protein.
In addition to loss of telomeric DNA with replication, oxidative damage of telomeric DNA is an important cause of the telomere shortening in normal human somatic cells (reviewed in 13). An increased production of reactive oxygen species was shown to accelerate telomere shortening in replicating fibroblasts in vitro (5). This acceleration was attributed to the enhanced induction of telomeric single strand breaks by free radicals, leading to the loss of the distal fragments of telomeric DNA following replication (21) .
Other studies have shown that telomeric DNA is a preferential target for oxidative damage (22, 23) and accelerated telomere shortening has been detected in cells from patients with mutations in mitochondrial DNA that are characterized by an increased production of reactive oxygen species (24) .
Problems at telomeres related to enhanced sensitivity to oxidative damage may be exacerbated because lesions in telomeric DNA are repaired less efficiently than in other regions in the genome (25, 26) . We observed that ATM-deficient fibroblasts were strikingly sensitive to oxidative radicals generated by hydrogen peroxide treatment, displaying not only an enhanced telomere loss but also the presence of multiple extra-chromosomal fragments of telomeric DNA. A single high-dose hydrogen peroxide treatment induced in A-T cells such fragments of telomeric DNA at considerably higher rates than in BJ fibroblasts. Taken together, our findings suggest that the loss of ATM function results in problems specifically at Figure 2 . Frequency distribution of extra-chromosomal telomeric DNA fragments in normal and ATM-deficient fibroblasts from untreated cultures and from cultures treated with a high dose of hydrogen peroxide. Note a significant increase in the average frequency of the fragments after treatment, which was more pronounced in ATM-deficient cells than in normal cells (*P < 0.05 in the Mann-Whitney rank sum test). At the time of experiment, the cultures were at the following population doublings (PD): the normal strain BU was at 39.3 PD, the A-T heterozygote AG 03059 at 22.5 PD, the A-T homozygote AG 04405 at 20.5 PD, and the A-T homozygote AG 03058 at 17.8 PD.
telomeres. One possibility is that ATM has a role in the repair of DNA lesions at terminal positions in telomeric DNA for example in nucleotide excision repair pathways that involve a switch in the template for DNA polymerases. Such mechanisms may fail when the replication fork reaches the very end of the chromosome and the physical linkage between sister chromatids is lost before DNA damage signaling pathways can arrest progression of the replication fork. Deficient DNA damage signaling in A-T cells could compromise the efficiency of such nucleotide excision repair pathways specifically at telomeres by allowing 'premature' separation of sister chromatids. The net result of such deficiency would be lesions that are not repaired which could lead to accelerated telomere shortening.
The ATM protein has been hypothesized to activate defense mechanisms against oxidative stress. Cells from A-T patients are thought to be defective in a general cellular response to oxidative stress that may be explained by lower antioxidative capacity and impaired repair of oxidative DNA damage (reviewed in 12). The combination of two deficiencies may have a synergistic adverse effect on the telomere maintenance in A-T cells. Accelerated loss of telomeric sequences and resulting telomere dysfunction appears to be prominent in A-T homozygous cells and, to a lower degree, in A-T heterozygous cells. The function of ATM in the repair of oxidative damage to telomeric DNA appears to be essential for maintaining telomere integrity and telomere abnormalities could be of crucial importance in the phenotype A-T.
MATERIALS AND METHODS

Cell strains, culture and treatments
The A-T homozygous human fibroblast strains AG 04405 (male, 7 years) and AG 03058 (female, 14 years) and a heterozygous strain AG 03059 (male, 47 years) were obtained from the National Institute of Aging Cell Culture Repository (Camden, NJ, USA). The neonatal human foreskin fibroblast cell strain BJ was a kind gift from Dr J. Smith, Houston, Texas. Fibroblasts were grown in HAM's F10 medium supplemented with 5-10% fetal bovine serum and, in parallel with untreated cultures, either in the presence of 20 mM hydrogen peroxide (H 2 O 2 , Sigma, Oakville, Canada) or 400 mM phenylbutyl-nitrone (PBN, Sigma). As the H 2 O 2 concentration diminishes quickly in the culture media in the presence of cells and serum (27) , the medium with hydrogen peroxide was changed more frequently. Cells were split at a ratio of 1 : 4 or 1 : 8 at early passage or at a ratio of 1 : 2 in later passages. The effect of acute oxidative stress on telomeres was studied by exposing confluent fibroblast cultures to a single high-dose treatment with 200 mM H 2 O 2 in a serum-free medium for 1 h at 37 C. Cells were then washed, trypsinized and cultured at 1 : 2 or 1 : 4 density and harvested 48 h later.
Chromosome preparations and quantitative fluorescence in situ hybridization
The fibroblast cultures were treated with 0.1 mg/ml of Colcemid (Gibco) for the last 6-12 h of incubation to accumulate mitotic cells which were harvested according to standard cytogenetic procedures. After hypotonic swelling in KCl buffer for 30 min at 37 C, cells were fixed three times in methanol/acetic acid (3 : 1), dropped onto clean wet slides, and dried overnight. In situ hybridization with a telomere Cy-3-conjugated (C 3 TA 2 ) 3 peptide nucleic acid (PNA) probe (PBIO/Biosearch Product, Bedford, MA, USA) was performed as described previously (14) (15) (16) . The chromosome preparations were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI).
Quantitative image analysis
Digital images were recorded with a MicroImager MI1400-12 camera (Xillix) on an Axioplan fluorescence microscope (Zeiss). Microscope control and image acquisition was performed with the dedicated software (SSM, Xillix). An analysis of integrated fluorescence intensities of telomere hybridization signals was carried out using the computer program 'TFLTELO' (16) . A total of 62 analyses were performed, with a median of 1460 telomeres from 15-20 metaphases evaluated per test. Values of fluorescence intensity for each telomere were converted into the number of TFU using special calibration curves, as described (15) . One TFU corresponds to 1 kb of telomeric repetitive sequences.
